targeted directly to Tom20-Tom22 (Hachiya et al., 1995) . This MSF-and Tom70-Tom37-independent targeting We have reconstituted the early steps of precursor pathway does not require extramitochondrial ATP since targeting to mitochondria in a defined and soluble interaction of the precursor-hsp70 complex with Tom20system consisting of the cytosolic domains of the yeast Tom22 causes ATP-independent release of the precursor mitochondrial import receptors Tom20 and Tom70, from hsp70.
precursor to bovine adrenal adrenodoxin (which has
The molecular basis for the recognition of precursors a cleavable targeting signal) and rat liver cytosolic by the import receptors is poorly understood. Genetic chaperones hsp70 and mitochondrial import-stimulatand biochemical studies suggest that the Tom20-Tom22 ing factor (MSF). The Tom70 domain only bound the subunits mediate the import of most mitochondrial preprecursor in the presence of MSF, yielding a precursorcursors. These subunits have highly acidic cytosolic 'acid MSF-Tom70 complex; ATP hydrolysis by MSF bristle' domains that appear to bind the basic mitochondrial released MSF and generated a precursor-Tom70 comtargeting signals in a reaction that is inhibited by salt and plex whose formation was inhibited by an excess of a synthetic presequence peptides. In contrast, the Tom70functional presequence peptide, but not by 150 mM Tom37 subunits preferentially interact with a different NaCl. In the presence of the Tom20 domain, ATP subset of precursors which includes the ADP/ATP carrier caused transfer of the precursor from the precursor-(AAC), the phosphate transporter, cytochrome c 1 and MSF-Tom70 complex to Tom20. The Tom20 domain the F 1 -ATPase β-subunit. This interaction is only partly alone only bound the precursor in the presence of sensitive to salt or presequence peptides and may thus hsp70; hsp70 itself was not incorporated into the involve as yet unknown sequence elements of the precursor resulting complex. Formation of the Tom20-precursor protein (Kiebler et al., 1993; Lithgow et al., 1995;  Lill complex was inhibited by excess presequence peptide et al., 1996) . or by 150 mM NaCl. Similar results were obtained
These earlier studies suggested that the cytosolic with the ADP/ATP carrier and porin precursors, which domains of the receptor subunits are key elements in both lack a cleaved targeting signal. Correct targeting the targeting process. However, an initial attempt to of a precursor to mitochondrial import receptors thus reconstitute precursor binding to the cytosolic domain requires cytosolic chaperones, irrespective of the presof Tom70 has yielded equivocal results. This domain ence or absence of a cleavable presequence.
interacted well with the precursor to AAC, but only Keywords: import receptors/mitochondrial presequences/ weakly with those to cytochrome c 1 or the F 1 -ATPase mitochondrial protein import/precursor proteins/protein β-subunit (Schlossmann et al., 1994) , even though Tom70 targeting mediates import of all these precursors in vivo (Hines et al., 1990) . Specific interaction of a precursor with Tom70 thus appears to require additional components.
We have already reported that the cytosolic chaperones Introduction hsp70 and MSF play a crucial role in the specific targeting of precursors to intact mitochondria or to mitochondrial Nuclear encoded mitochondrial proteins are synthesized outer membrane vesicles (Komiya et al., 1996) . However, in the cytosol as precursors and then bind to an import these earlier studies with complex membranes could receptor on the mitochondrial outer membrane. This recepnot exclude the involvement of additional mitochondrial tor is composed of at least four different subunits: the components in the targeting process. We have now recon-Tom70-Tom37 heterodimer and a less well characterized stituted targeting in a soluble, heterologous system with complex between Tom22 and Tom20 (Lithgow et al., the pure precursor to the mammalian matrix protein 1995; Lill et al., 1996; Schatz and Dobberstein, 1996) . adrenodoxin (pAd), the purified mammalian chaperones With isolated mitochondria or outer membrane vesicles, hsp70 and MSF, and the purified cytosolic domains of the targeting of precursors also involves the cytosolic chapreceptor subunits Tom20 and Tom70 from yeast. We shall erones hsp70 and mitochondrial import-stimulating factor refer to these water-soluble domains as Tom20f and (MSF) (Hachiya et al., 1993 (Hachiya et al., , 1995 Komiya et al., 1996;  Tom70f, respectively. Our results show that specific bind-Mihara and Omura, 1996) . Binding of a precursor to MSF is followed by docking of the precursor-MSF complex to ing of a precursor to its appropriate receptor subunit structural elements in the precursors that are recognized Except for the presence of ATP, experimental conditions were as by these two receptor subunits. We find that both Tom70f described in (A). Where indicated, NEM-treated MSF (ϩNEM) was and Tom20f specifically recognize a precursor's preused.
sequence, but in a different way. We also observed that a precursor can be reversibly transferred between Tom70f
Binding of precursor proteins to Tom70f requires and Tom20f.
MSF
Previous experiments with intact mitochondria and isolated outer membrane vesicles have shown that the purified Results pAd-MSF complex docks onto Tom70-Tom37 in a reaction that is mediated by the precursor's presequence (Hachiya et al., 1995; Komiya and Mihara, 1996; Komiya et al., 1996) . In order to define the components required Both Tom20 and Tom70 are anchored within the outer membrane through a rather hydrophobic N-terminal region for this interaction, we attempted to reproduce the docking reaction with the purified cytosolic domains of Tom20 (Lithgow et al., 1995) . In order to prepare the soluble cytosolic domain of yeast Tom20, we used the polymerase and Tom70. To this end, we labeled Tom20f, Tom70f, MSF and pAd with 125 I and examined the interactions of chain reaction to construct a recombinant Tom20 protein (termed Tom20f) which lacked residues 2-40 of authentic these purified proteins by immunoprecipitation with IgG monospecific for adrenodoxin (Ad). As shown in Figure  Tom20 , and which contained a C-terminal hexahistidine tag to facilitate purification. To prepare the soluble cyto-2A, urea-unfolded pAd by itself did not bind to Tom70f (lanes 1 and 2), but did so when complexed with MSF solic domain of yeast Tom70 (termed Tom70f), we excised residues 2-24 of authentic Tom70 and added a C-terminal (lanes 5 and 6). Hsp70 could not replace MSF in this reaction (data not shown). The pAd-MSF complex did hexahistidine tag. Except for the hexahistidine tag, the resulting Tom70f construct is very similar to that described not bind to Tom20f, irrespective of the absence ( Figure  2A , lanes 7 and 8) or presence (lanes 9 and 10) of Tom70f. by Schlossman et al. (1994) . Tom20f and Tom70f could be stably overexpressed as soluble proteins in Escherichia MSF pre-treated with N-ethylmaleimide (NEM) still formed a complex with pAd, but the complex had lost the coli and affinity-purified in milligram amounts on Ni 2ϩagarose beads (Figure 1 ), suggesting that each of them capacity to dock onto Tom70f (lanes 11 and 12). MSF thus targets pAd specifically to Tom70f. As expected, the represented a stably folded domain. mature form of Ad failed to interact with either MSF, Tom20f or Tom70f (Figure 2A , lanes 13 and 14).
Purification of the soluble cytosolic domains of Tom20 and Tom70 from yeast
Addition of ATP to the pre-formed pAd-MSF-Tom70f complex caused dissociation of MSF to yield a pAd-Tom70f complex ( Figure 2B , lanes 5-8). ATP also dissociated the complex between NEM-treated MSF and pAd, but the released pAd did not bind to Tom70f ( Figure 2B , lanes 9-12). Thus, pAd must first dock onto Tom70f as a complex with functional MSF in order to be stably transferred to Tom70f. Essentially the same results were obtained with urea-denatured recombinant porin or with urea-denatured AAC that had been synthesized in a reticulocyte lysate (see Figures 3B, lanes 7 and 8) . Thus, Tom70f not only recognizes and binds to the precursor-MSF complexes but also binds directly to the precursors (see Figures 6-8 ).
Tom70 recognizes the mitochondrial targeting sequence
To probe the structural element(s) in the precursors that are recognized by Tom70f, we checked whether the ATPinduced transfer of pAd from the pAd-MSF-Tom70f complex to Tom70f could be inhibited by the synthetic peptide SCC1-19. This peptide represents the cleaved, functional targeting sequence of mitochondrial cytochrome P450 SCC ( Figure 3A) . We have already shown that this peptide binds to MSF and induces the docking of MSF to the import receptor (Komiya et al., 1994 (Komiya et al., , 1996 . As negative controls, we used two synthetic peptides that do not represent a functional mitochondrial presequence ( Figure 3A ). In one of them (SCC1-19M), three basic amino acid residues of SCC1-19 are replaced by Ser or Thr (Komiya et al., 1994 (Komiya et al., , 1996 . The other peptide (SynB2) is even more basic than SCC1-19, but not amphiphilic (Allison and Schatz, 1986) . First, we incubated pAd with MSF to form the pAd-MSF complex. Second, we incubated the pAd-MSF complex with Tom70f to form the pAd-MSF-Tom70f complex. Third, we added ATP together with SCC1-19, SCC1-19M or SynB2 to induce dissociation of MSF. Fourth, we checked for the formation of the pAd-Tom70f complex by subjecting the reaction mixture to immunoprecipitation with anti-Tom70 antibodies. As shown in Figure 3B , lanes 3 and 4, the functional presequence peptide SCC1-19 strongly inhibited the ATP-induced formation of the pAd-Tom70f complex whereas the two control peptides were completely al., 1995) , such an interaction cannot account for the stable interaction between precursor and Tom70f. the two proteins failed to form a stable complex: upon
Recognition of precursors by Tom20 requires
immunoprecipitation with anti-Ad antibodies only pAd hsp70 was recovered in the immunoprecipitate whereas Tom20f How do precursors interact with Tom20f? When ureadenatured pAd was diluted into buffer containing Tom20f, stayed in the supernatant (Figure 4, lanes 1 and 2) . However, when the same experiment was performed with pAd that had first been bound to cytosolic hsp70 (Komiya et al., 1996) , Tom20f was co-immunoprecipitated with pAd whereas hsp70 was released into the supernatant (lanes 3 and 4). The non-hydrolyzable ATP analog AMP-PNP did not inhibit the release of hsp70 into the supernatant (lanes 5-8), suggesting that the dissociation of pAd from hsp70 did not require the ATPase function of hsp70, but was caused by binding of the precursor to Tom20f. Komiya et al., 1996) . The same results were obtained radioactivity in the immunoprecipitates was quantified.
with the hsp70 homolog of E.coli, DnaK, except that the reaction was not affected by the co-chaperones GrpE or complex first docks onto Tom70-Tom37, that ATP hydro-DnaJ (T.Komiya and K.Mihara, unpublished data). These lysis then induces dissociation of MSF from the docking results are in apparent contradiction to the currently complex, and that pAd is finally transferred to Tom20proposed mechanism for cytoplasmic hsp70 (Hartl, 1996) .
Tom22 (Hachiya et al., 1995; Komiya et al., 1996) . We A detailed analysis of the in vivo function of hsp70 in used sucrose density gradient centrifugation to test whether mitochondrial precursor targeting is obviously required.
this transfer of precursor can be reproduced in a system The hsp70-dependent binding of pAd to Tom20f was containing only Tom70f, Tom20f, hsp70 and the pAdinhibited by the functional presequence peptide SCC1-MSF complex ( Figure 6 ). 19, but not by the control peptide SynB2 (Figure 5A ,
We labeled Tom70f, Tom20f, MSF and pAd with 125 I, lanes 5 and 6) or SCC1-19M ( Figure 5B ). This was also incubated them with unlabeled hsp70 at 30°C for 20 min, true for the hsp70-dependent binding of urea-denatured, and then incubated the mixture for an additional 20 min in vitro-synthesized AAC to Tom20f ( Figure 5A , lanes 9in the absence or presence of ATP. (We used unlabeled 10). Formation of the pAd-Tom20f complex was 50% hsp70, since hsp70 and Tom70f migrate to the same inhibited by~2.5 µM SCC1-19 ( Figure 5B ). Thus, Tom20f positions on SDS-PAGE.) Finally, the reaction mixtures appears to bind directly to a precursor's mitochondrial were subjected to sucrose density gradient centrifugation targeting signal, regardless of whether or not this signal and fractions were analyzed by SDS-PAGE and autoradiois cleaved upon import.
graphy. When ATP was absent, pAd, MSF and Tom70f were recovered together in fractions 3-5, whereas Tom20f
Transfer of mitochondrial precursor proteins from Tom70f to Tom20f remained near the top of the gradient (Figure 6A , -ATP). ATP ( Figure 6A , ϩATP) caused dissociation of MSF from Our earlier experiments with yeast mitochondria and outer membrane vesicles had suggested that the pAd-MSF the ternary complex and formation of the following complexes: pAd-Tom70f (fractions 6 and 7), pAd-then induces transfer from Tom70f to Tom20f. A similar result was obtained with the in vitro-synthesized, urea-Tom70f-Tom20f (fractions 4 and 5) and pAd-Tom20f (fractions 11 and 12) complexes. All components of the denatured precursor to AAC (Figure 8 ). putative complexes could be co-immunoprecipitated by IgGs against Ad, confirming that their presence in the pAd-Tom20f and pAd-Tom70f complexes exhibit distinct salt sensitivity same gradient fraction indeed reflected the presence of complexes rather than adventitious co-sedimentation of To obtain more information about the interactions between a precursor and the two receptor domains, the entire the individual components ( Figure 6B ). The only exception was MSF in fraction 11 which was not co-immunoprecipit-incubation mixture used in the experiment described in Figure 6A (-ATP), pAd-Tom70f (fraction 7 in Figure 6A , ated with IgGs against Ad ( Figure 6B, lanes 7 and 8) . Transfer of pAd from Tom70f to Tom20f can thus occur ϩATP) or pAd-Tom20f (fraction 11 in Figure 6A , ϩATP) were incubated in the absence or presence of 150 mM in the absence of ATP. The pAd-Tom70f-Tom20f complex ( Figure 6A , ϩATP, fractions 4 and 5) seems to be an NaCl and then subjected to immunoprecipitation with IgGs against Ad ( Figure 6C ). The pAd-MSF-Tom70f intermediate in this transfer process.
Similar results were obtained when [ 125 I]porin was used complex ( Figure 6C, lanes 1-4) and the pAd-Tom70f complex (lanes 9-12) were resistant to 150 mM NaCl, as the precursor (Figure 7A and B) . Porin is a major mitochondrial outer membrane protein without a cleavable whereas the pAd-Tom20f complex was sensitive to this NaCl concentration (lanes 13-16). Interestingly, the pAd-presequence and is reported to be integrated into the outer membrane mainly via the Tom20 pathway (Söllner et al., Tom70f-Tom20f complex, which appears to be an intermediate in the transfer of precursor from Tom70f to 1989; Moczko et al., 1994) . In the absence of ATP, we detected porin, MSF and Tom70f together in fractions 3-Tom20f, was also resistant to 150 mM NaCl (lanes 5-8).
Thus, pAd binds to Tom20f mainly through electrostatic 5, whereas Tom20f remained near the top of the gradient. ATP induced the formation of the complexes porin-interactions, whereas the pAd-MSF-Tom70f, pAd-Tom70f and pAd-Tom70f-Tom20f complexes are formed Tom70f (Figure 7A, ϩATP, fractions 6 and 7) , porin-Tom70f-Tom20f (fractions 4 and 5) and porin-Tom20f through some other interaction(s). (fractions 11 and 12). Again, the existence of these complexes was confirmed by co-immunoprecipitation of
Transfer of the precursor from Tom20f to Tom70f
Is the transfer of a precursor from Tom70f to Tom20f all components by IgGs against Tom20 or Tom70 ( Figure  7B ). Porin is thus targeted by MSF to Tom70f, and ATP reversible? To examine this question, we first formed a [ 125 I]Tom20f and unlabeled hsp70 were incubated to pre-form the numbers with an asterisk in (A) were subjected to immunoprecipitation pAd-Tom20f complex. The reaction mixture was then incubated with with IgGs against either Tom70 (αTom70) or Tom20 (αTom20). Other [ 125 I]Tom70f at 30°C for 20 min and subjected to immunoprecipitation conditions were the same as in Figure 6 .
with the IgGs against Ad, Tom20 or Tom70.
complex between 125 I-labeled pAd and unlabeled hsp70. Secondly, we added 125 I-labeled Tom20f, generating the indicate that pAd can be transferred from Tom20f to Tom70f. pAd-Tom20f complex. Thirdly, we added 125 I-labeled Tom70f. Finally, we checked for interaction of the different components by co-immunoprecipitation with IgGs against
The yeast cytosol contains an NEM-sensitive targeting factor for mitochondrial precursor Ad, Tom20 or Tom70 (Figure 9 ). In the absence of Tom70f, IgGs against Ad or Tom20 immunoprecipitated proteins The MSF preparation used in this as well as in previous pAd and Tom20f (lanes 1-4) . In the presence of Tom70f, IgGs against Ad efficiently precipitated Tom70f, pAd as studies is derived from mammalian cytosol. Does yeast cytosol also contain an MSF-like factor? 125 I-labeled pAd well as Tom20f (lanes 5 and 6) . On the other hand, IgGs against Tom20 did not completely co-immunoprecipitate was denatured by urea, diluted into buffer containing yeast cytosol, incubated at 30°C for 20 min and incubated for pAd-Tom70 (lanes 7 and 8) , and IgGs against Tom70 did not completely co-immunoprecipitate pAd-Tom20f (lanes an additional 20 min with 125 I-labeled Tom20f or Tom70f. Finally, association of a receptor domain with pAd was 9 and 10). As expected, pAd did not bind to Tom20f in the absence of hsp70 (lanes 11 and 12) . These results analyzed by immunoprecipitation with IgGs against Ad.
still bind precursor, but can no longer mediate docking of the precursor-MSF complex to Tom70f. Tom70f appears to bind the precursor's targeting signal only after ATPmediated release of MSF from the ternary precursor-MSF-Tom70f complex. We propose that Tom70f has two distinct domains, one recognizing MSF and the other the mitochondrial targeting signal. As the pAd-Tom70f complex is resistant to 150 mM NaCl, Tom70f does not appear to bind the mitochondrial targeting signal through a simple electrostatic interaction. Interaction may occur through one or more of the seven tetratricopeptide motifs which are present in Tom70 (Sikorski et al., 1990) . We cannot exclude that the precursor also interacts directly with Tom70f in the ternary complex, nor that Tom70f also binds weakly to a precursor's mature region, but these interactions could not by themselves account for the Tom37, respectively, can bind to either Tom70f or Tom20f, depending on which cytosolic chaperone is present. Cytosolic chaperones are thus an important element in the As shown in Figure 10 , yeast cytosol failed to induce binding of pAd to Tom20f (lanes 1 and 2), but did induce recognition of a precursor by the mitochondrial import receptor, at least in the in vitro system described here. This binding of pAd to Tom70f (lanes 3-6).
Binding to Tom70f was completely abolished when the fact could explain why the role of Tom70 in mitochondrial protein import in vivo is much more extensive (Hines yeast cytosol was pre-treated with NEM (lanes 9-12). The activity of the yeast factor appeared to require ATP et al., 1990) than had been surmised from import experiments with isolated mitochondria (Söllner et al., 1990 ; hydrolysis, since ATP induced the transfer of pAd from Tom70f to Tom20f whereas AMP-PNP was inactive (data Steger et al., 1990) .
In experiments with intact mitochondria, a synthetic not shown). We cannot explain why yeast cytosol, which should contain a significant amount of hsp70, does not peptide representing the mitochondrial presequence of mammalian hsp60 did not significantly inhibit productive induce binding of pAd to Tom20f. However, the affinity of pAd for MSF is~30-fold higher than for hsp70, and binding of in vitro-synthesized AAC to Tom70-Tom37 (Haucke et al., 1995) . This result suggested that Tom70-this affinity for MSF is increased further~10-fold by hsp70 (see Figures 1, 2 and 3 in Komiya et al., 1996) .
Tom37 recognizes not only the precursor's mitochondrial targeting signal, but also its mature part. Since these The MSF-like factor may thus compete successfully with hsp70 for pAd, thereby preventing binding of pAd to earlier experiments had been performed in the absence of ATP, they probably measured the interaction of Tom70-Tom20f. Indeed, addition of excess hsp70 to the yeast cytosol induced partial binding of pAd to Tom20f (data Tom37 with an AAC-chaperone complex, an interaction which we now show to involve mainly the chaperone, not not shown).
the precursor itself. In fact, the precursor-MSF-Tom70f complex is not dissociated by 5 µM synthetic mitochon-Discussion drial presequence SCC1-19 (data not shown). The present results are thus not in conflict with those reported earlier In the present study, we have reconstituted the early targeting steps of mitochondrial protein import in a system with intact mitochondria. Schlossmann et al. (1994) have shown that the cytosolic composed only of purified soluble proteins. We show that specific recognition can occur in the absence of membranes domain of Tom70 of Neurospora crassa interacts efficiently with the in vitro-synthesized precursor forms of and that it requires the participation of cytosolic chaperones. Specific binding of a precursor to the cytosolic AAC or the phosphate transporter, but not with those of porin, the F 1 -ATPase β-subunit or cytochrome c 1 . In our domain of Tom70 requires MSF, and specific binding to the cytosolic domain of Tom20 requires hsp70. present experiments, urea-unfolded porin did not interact with Tom70f at all; in the presence of MSF, however, it The inhibition of binding by a synthetic presequence peptide indicates that both receptor subunits recognize the bound efficiently to Tom70f to form the ternary complex, and ATP hydrolysis caused efficient transfer of porin from precursor's mitochondrial targeting signal, but that they do so by different mechanisms. Tom20 appears to bind MSF to Tom70f. Even AAC, the protein reported to be specifically imported via Tom70, only bound to Tom70f directly to the mitochondrial targeting signal in a reaction that also requires the presence of hsp70. Interaction with in the presence of MSF. In the presence of hsp70, however, both porin and AAC efficiently bound to Tom20f even the targeting signal is sensitive to 150 mM NaCl and thus appears to be largely electrostatic. In contrast, initial in the absence of MSF. In agreement with our earlier experiments with intact mitochondria and outer membrane binding of a precursor to Tom70 appears to be indirect: the receptor interacts primarily with the chaperone MSF vesicles, targeting of a precursor to Tom70f thus seems to be determined by the precursor's affinity for a particular to which the precursor is bound. This conclusion is supported by the observation that NEM-treated MSF can cytosolic chaperone, and not by the presence or absence of a cleavable mitochondrial targeting signal. If AAC is cytosol has now opened the way towards such a system. A homologous soluble system similar to that described presented with only hsp70, it binds to that chaperone but, if given a choice, it appears to bind preferentially to MSF.
here should help in defining the role of any additional components in the recognition of precursor proteins by MSF specifically binds the mitochondrial targeting signals (Hachiya et al., 1993; Komiya et al., 1994) whereas mitochondria. hsp70 appears to bind mitochondrial targeting signal as well as the mature portions of the precursors (Endo et al., 1996; Hartl, 1996) . Nevertheless, the mechanism of interaction between mitochondrial precursors and cyto-Materials MSF and hsp70 were purified from rat liver cytosol according to Hachiya plasmic chaperones remains poorly understood. Circumet al. (1993) and Deshaies et al. (1988) , respectively. pAd and porin stantial evidence suggests that MSF does not bind were expressed in E.coli and purified in 7 M urea as described (Iwahashi mitochondrial targeting signals through simple electroet al., 1992) . The mature form of adrenodoxin (mAd) was expressed in static interactions, since MSF-dependent import of pAd E.coli and purified for us by Y.Sagara (Kochi University). Rabbit polyclonal antisera against Tom70 and Tom20 were raised against fusions was unaffected by 150 mM NaCl (Komiya and Mihara, of the respective soluble domains to maltose-binding protein from E.coli. 1996). If the pAd-MSF complex were unstable at high AAC cDNA in pGEM4 was obtained from R.Lill, University of Munich. salt concentrations, import of pAd should be strongly inhibited at the targeting step.
Materials and methods

Expression and purification of Tom20f and Tom70f
The soluble cytosolic domains of Tom20f and Tom70f were over-Interaction of Tom20 with the precursors has so far expressed in E.coli strain M15 using the vector pQE60 (Qiagen Co.). only been analyzed with intact mitochondria or outer
We used Pfu polymerase (Stratagen Corp.) in the PCR and the cloned membrane vesicles; direct binding of a precursor to TOM20 and TOM70 genes to construct recombinant versions of Tom20 isolated Tom20 has not yet been described. Here we and Tom70 (termed Tom20f and Tom70f, respectively) lacking the demonstrate the direct interaction of precursors with putative transmembrane regions. Tom20f lacks residues 2-40 of fulllength yeast Tom20 and contains an additional phenylalanine residue Tom20f and show that binding requires hsp70. When the after the start methionine as well as the C-terminal extension IEGRIprecursor-hsp70 complexes were incubated with Tom20f, SEFGSR(H)6. Initially we deleted only residues 2-29 of authentic hsp70 was released and the precursor bound directly to Tom20, but found that the resulting recombinant protein was degraded Tom20f. This hsp70 requirement is in contrast to the results within E.coli to a smaller form which contained K(41) of authentic Tom20 as the N-terminal amino acid. As this smaller product appeared with intact mitochondria or outer membrane vesicles, in to be a stably folded domain, we used it as a guide to design the Tom20f which urea-unfolded precursors bound to Tom20-Tom22 described above. Tom70f starts at G(24) of authentic yeast Tom70 and in the absence of added cytosolic hsp70 (Hachiya et al., contains a leucine residue after the start methionine, as well as the 1995; Haucke et al., 1995; Mayer et al., 1995 ; Komiya C-terminal extension GSRS(H)6. Expression and purification of both et al., 1996) . The need for hsp70 in our in vitro system proteins was by the following procedure. After the E.coli transformants had been grown at 37°C in 1 l of LB medium to an OD 600 of 0.5, the could be explained in several ways. First, the targeting plasmid-borne recombinant gene was induced by adding isopropyl-βsignal of an isolated precursor might not be accessible D(-)-thiogalactopyranoside to 0.5 mM and incubating the cells for 2.5 h at unless the precursor is bound to hsp70. Second, isolated 30°C. The cells (wet weight~2 g) were then harvested by centrifugation, Tom20f might not assume its native conformation in the suspended to 0.1 g/ml in sonication buffer [20 mM HEPES-KOH, pH 7.4, 300 mM NaCl, 20 mM imidazole, 5% glycerol, 1 mM absence of its Tom22 partner unless it is bound to hsp70. phenylmethylsulfonyl fluoride (PMSF)] and disrupted by sonication at Third, mitochondria or outer membrane vesicles might 0°C. The crude extract was cleared by centrifugation at 20 000 g and contain an unidentified surface-located component that is incubated for 1 h at 4°C with 1 ml of a 1:1 slurry of Ni 2ϩ -NTA resin essential for targeting and that is substituted for by in sonication buffer. The resin was collected by centrifugation, washed cytosolic hsp70 in our in vitro system. The second possitwice for 10 min with 30 ml of 20 mM HEPES-KOH, pH 7.4, 600 mM NaCl, 20 mM imidazole, 5% glycerol and 1 mM PMSF. The hexahistid-bility is supported by our unpublished observation that ine-tagged protein was eluted from the resin by incubation in 5 ml of Tom70 and Tom20 interact with each other in vivo (Haucke 20 mM HEPES-KOH, pH 7.4, 300 mM imidazole, 5% glycerol and et al., 1996) , but that interaction of isolated Tom70f and 1 mM PMSF for 1 h at 4°C. The buffer of the eluate was exchanged Tom20f is only observed in the presence of hsp70.
for 20 mM HEPES-KOH, pH 7.4 in Centricon 10 microconcentrators (Amicon Corp.) and frozen at -80°C at a protein concentration of Although the physiological relevance of the hsp70 require-1-5 mg/ml. This method yielded 2-5 mg of recombinant protein per 1 l ment remains unknown, this finding enabled us to analyze of E.coli culture. the interactions between precursors and the Tom20 fragment, as well as the interactions between Tom70f and
Labeling of proteins
Tom20f.
Ad, pAd, porin, MSF, hsp70, Tom70f and Tom20f were 125 I-labeled using Iodo-Beads (Pierce) as described (Komiya et al., 1996) . AAC was We have obtained these results with urea-denatured synthesized in reticulocyte lysates in the presence of [ 35 S]methionine; mitochondrial precursor proteins. However, as MSF before use, it was dialyzed overnight against 10 mM HEPES-KOH specifically recognizes the mitochondrial targeting signal, (pH 7.4) buffer containing 1 mM EDTA, 1 mM PMSF and 7 M urea.
we expect that native precursors would yield a similar result provided their targeting sequence is free to interact
Interaction of the precursor-chaperone complexes with cytosolic receptor domains
with MSF. receptor subunits remain to be established. It will also be MSF was treated with 1 mM NEM at 30°C for 10 min and excess NEM essential to reproduce the key results reported here with was quenched with 1 mM dithiothreitol. The reaction mixtures were a completely homologous system in which all components, incubated further in 100 µl of TKM for 20 min with or without including the cytosolic chaperones, are derived from yeast. 
